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Changes in the Secondary Structure of Bovine Casein
by Fourier Transform Infrared Spectroscopy:

Effects of Calcium and Temperature'

ABSTRACT

Bovine casein submicelles and reformed micelles,
produced by addition of Ca%*, were examined by Fou-
rier transform infrared spectroscopy at 15 and 37°C
in aqueous salt solutions of K* and Na*. Previous
measurements of caseins, made in D9O and in the
solid form, can now be made in a more realistic
environment of HoO. When analyzed in detail, data
obtained by Fourier transform infrared spectroscopy
have the potential to show subtle changes in second-
ary structural elements that are associated with
changes in protein environment. Electrostatic binding
of Ca2+* to casein resulted in a redistribution of the
components of the infrared spectra. Addition of CaZ*
in salt solutions of K* and Na* led to apparent
decreases in large loop or helical structures at 37°C
with concomitant increases in the percentage of struc-
tures having greater bond energy, such as turns and
extended helical structures. At 15°C, Na* and K*
have differential effects on the CaZ2+*-casein complexes.
All of these observations are in accordance with the
important role of serine phosphate side chains as sites
for Ca2+ binding in caseins and the swelling of the
casein structure upon incorporation into reformed
micelles at 37°C. This new open, hydrated structure
is buttressed by a change in backbone as evidenced by
a shift in absorbance to higher wave numbers
(greater bond energies) as colloidal micelles are
reformed.

(Key words: milk protein, casein, protein structure,
Fourier transform infrared spectroscopy)

Abbreviation key: FTIR = Fourier transform in-
frared, NMR = nuclear magnetic resonance, RMS =
root mean square.

INTRODUCTION

Casein micelles, which are colloidal complexes of
protein and salts, function biologically to transport
efficiently and to deliver protein, calcium, and phos-
phorus to the neonate (9, 10, 21, 23). In the absence
of calcium, the micellar structure dissociates into
casein submicelles, consisting of og1-, ag-, 8-, and
k-CN. Addition of Ca2* results in the reformation of
model casein micelles from the hydrophobically as-
sociated casein submicelles through the calcium-
protein side-chain salt bridges (4, 9, 10). These
calcium-protein interactions have been thought to in-
volve both phosphate and carboxylate groups (9, 15).
Studies using 3P nuclear magnetic resonance
(NMR) have been used to investigate the effects of
Ca2* on serine phosphate groups, which were shown
to be primarily involved in the binding of calcium in
solution (13); Fourier transform infrared (FTIR)
spectroscopy has provided direct evidence for calcium
binding to the negatively charged carboxylate groups
of glutamate and aspartate residues in freeze-dried
casein (1). With the use of laser Raman spectroscopy,
the average relative conformations of individual
caseins have been estimated in D3O and under micel-
lar and submicellar conditions in freeze-dried samples
(2). The FTIR measurements of proteins were previ-
ously made in the solid state or in D20 (27) in order
to avoid the interference of water absorption with the
absorbance of the secondary structure in the amide I
region. These measurements can now be made in
water with the use of extremely short path lengths
and accurate water vapor subtraction (6, 7, 8). Meas-
urements in aqueous solution should provide a more
biologically realistic picture of Ca2+-protein interac-
tions by following changes in the components of the
amide I and II regions of the spectra. Aqueous meas-
urements also allow for the introduction of other ions,
such as Nat and K*, to create a biologically relevant
environment in which to examine interactions and to
estimate secondary structural changes.



- We have used FTIR of aqueous solutions of casein
submicelles and reformed micelles in the presence of
sodium and potassium at two different temperatures:
15 and 37°C. The spectra have been analyzed with
the use of Fourier smoothing of their second deriva-
tives, followed by curve-fitting techniques to assess
changes in components of the amide I and II regions.
Such changes in these regions are correlated with
components of protein secondary structure and with
known changes of the sodium, potassium, and calcium
caseinate system in water.

MATERIALS AND METHODS

Sample Preparation

Fresh, uncooled milk was obtained from a single
Holstein cow and was treated immediately after
collection with phenylmethylsulfonyl fluoride (0.1
g-L-1), a serine protease inhibitor, to retard proteoly-
sis. The milk was transported to the laboratory and
defatted twice by centrifugation at 4000 x g for 10
min at room temperature (23°C). The skimmed milk
was diluted 1:1 (vol/vol) with distilled water and
warmed to 37°C. Casein was precipitated by careful
addition of 1N HCI to pH 4.6. The precipitate was
homogenized (model ST-10; Polytron, Brinkman,
Westbury, NY) at low speed, dissolved by addition of
NaOH to give a solution of pH 7.0, reprecipitated,
washed at 37°C and pH 4.6, and again resuspended at
pH 7.0. This sodium caseinate suspension was subse-
quently cooled to 4°C and centrifuged at 10,000 x g
for 30 min to remove residual fat and then freeze-
dried. Alkaline urea-gel electrophoresis with standard
caseins of known structure showed that the cow was
of genotype a51-CN BB, 3-CN AA, and x-CN AA (24).

The lyophilized sodium caseinate was dissolved in
25 mM PIPES buffer (piperazine-N,N-bis (2-
ethanesulfonic acid)), pH 6.75, containing 110 mM
KCl or NaCl. To produce model colloidal casein
micelles (4, 17), a stock solution of CaCly was added
for a final concentration of 10 mM; KCl or NaCl was
concomitantly reduced to 80 mM to maintain constant
ionic strength. Casein concentrations, determined

spectrophotometrically, ranged from 30 to 35 mg/ml
(13).

Infrared Measurements

The submicellar and micellar bovine caseins were
introduced into a demountable cell with CaFy win-
dows and a 9- to 12-um teflon spacer for HyO. Spectra
were obtained using an FTIR spectrometer (Nicolet
740; Madison, WI) equipped with a Nicolet 660 data
system. Following purging of the sample chamber
with Ny to reduce water vapor to a minimum, data
collection was carried out with each spectrum consist-
ing of 4096 double-sided interferograms, coadded,
phase-corrected, apodized (Happ-Genzel function),
and fast Fourier transformed. The nominal instru-
ment resolution was 2 cm~! with one data point every
1 cm™1. Absorption of the water vapor was routinely
subtracted (6, 7, 8).

Data Analysis

Detailed descriptions of the methods of data cap-
ture, reduction, and analysis have been given (18)
along with a corresponding basis set of globular pro-
teins of known structure. This method was applied to
the caseins. Briefly, protein spectra were obtained by
subtraction of the buffer absorption from the respec-
tive solution absorption and then were used to calcu-
late second-derivative spectra. These latter spectra
served as a sensitive indication for identifying in-
dividual peak positions for subsequent processing.
Then, as described by Kumosinski and Unruh (18),
the spectra were fitted with Gaussian components
(the positions were correlated with the second-
derivative spectra) to yield fits, the root mean square
(RMS) values of which were equivalent to or less
than the baseline noise of the instrument. Finally, the
fractional areas for the individual bands in the amide
I and II regions of the spectra were calculated.

All spectra were fitted using a Gauss-Newton non-
linear iterative curve-fitting program3 (5), which as-
sumes Gaussian band envelopes for the resolved com-
ponents. The three parameters of each band (height,
peak frequency, and half-width plus half-height)
were allowed to float during the iterations, as was the
baseline. Integrated areas were calculated for those
peaks that correspond to conformational elements,
such as helices, sheets, turns, and loops (14, 18, 20,
26). This procedure yielded the relative areas of the
components, which served to estimate the fraction of
the various secondary elements in the protein
molecule.
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Figure 1. Original spectrum of casein (30 to 35 mg/ml) in 25
mM PIPES buffer, pH 6.75, in the presence of CaCl, (10 mM) at
37°C with KCIL

RESULTS

Original and
Second-Derivative Spectra

Figure 1 shows the original spectrum of reformed
bovine casein micelles in the presence of K* and Ca2*
at 37°C from 1800 to 1350 cm=!. This spectrum is
typical of all spectra that were obtained for the
caseins and consists primarily of the amide I region,
1700 to 1600 cm~1, and the amide II region, 1600 to
1500 cm™1. The amide I region is mainly C=0 stretch-
ing vibrations, and the amide II region is mainly N-H
bending and C-N stretching modes. Little detail was
observed in the amide I or amide II envelopes. In all
cases, few differences were noted except for slight
shifts in the frequencies of the amide I region with a
change in the concentration of CaZ*, temperature
(data not shown), or both. On average, these shifts
amounted to about 2 cm~! in each case. When the
second-derivative spectra of two samples were com-
pared (Figure 2), overlapping bands could be visual-
ized. For example, at 37°C and going from K* to K* +
Ca2*, a major band centering at 1639 cm™! is rela-
tively unchanged (Figure 2); bands between 1658
and 1652 cm™! are shifted, rearranged, or dampened.
Similarly, Ca2* induced rearrangements also occur
between 1630 and 1620 cm~! with a diminution of
these bands (Figure 2).

Fits to Spectra
and Peak Assignments

Because the amide I envelopes are broad and not
detailed and because the second-derivative spectra

are qualitative in nature, quantitation of the changes
was achieved through curve fitting of the amide I and
II envelopes. In accordance with the procedures devel-
oped in this laboratory for a basis set of globular
proteins (18), the spectra were fitted with Gaussian
bands. The fitted spectra are typical of the curve fits
of the amide I and II envelopes with an optimal
number of components (18, 19). Peak positions in the
curve fits were based on those found in the respective
second-derivative spectra; however, floating of these
values during the iteration process changed the posi-
tions slightly (<2 em~1). Optimal fits were supported
by favorable RMS values on the order of 104, which
were less than the baseline noise. Figure 3 shows the
results of a typical curve fit starting with wave num-
bers that were derived from the second derivative
analysis. The fits to all spectra were adequate and
had average RMS values in the range of 102
Peak assignments were made tentatively using the
results of Krimm and Bandekar (14) as a primary
guide, and refinements were based upon experimental
data that had been collected for globular proteins (18,
19). For the amide I region, the following structures
were assigned: turns, 1700 to 1660 cm™l; «-helix,
1652 to 1648 cm™1; irregular structures, 1648 to 1642
cm~l; and B-sheet or nonstranded extended structure,
1640 to 1620 cm™1. Upon data reduction (Figure 3),
all casein spectra contained bands centering on 1656
cm~1; such bands might be attributed theoretically to
elements of o-helix or B-turns (14). However, NMR
structural studies of the «g;-CN peptide (f 59-79)
demonstrated large loop structures for the
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Figure 2. Second-derivative spectra of casein (30 to 35 mg/ml)
in 25 mM PIPES buffer, pH 6.75, in the presence of K*/(80 mM)
and CaCl, (10 mM) at 37°C or in the presence of KCl (110 mM)
only. Both curves Fourier smoothed by a factor of 5. Frequency is
given in wave numbers.



phosphoserine-containing segment (12). Similar
structures, determined by NMR, have been reported
for a B-CN peptide (25); thus, whole casein may
contain loop-like structures. In addition, combined
circular dichroism and FTIR experiments (26) have
suggested that bands centered on 1656 cm=! might
arise from large loop structures rather than from o-
helical structures. Accordingly, we placed the ele-
ments centering on 1656 cm~l into a separate
category termed large loops, which is not absolute
evidence that the phosphopeptide directly gave rise to
these bands, but rather, was done to establish a ra-
tionale for a separate category. In previous studies
(2, 3) using Raman spectroscopy, such bands would
have been counted as a-helix, perhaps overestimating
the content of this structural element in the caseins.
In a similar fashion, B-turns, y-turns, and weak ele-
ments of B-sheet could all yield spectral components
in the 1700 to 1670 cm™! region (14). Additionally,
Asn and Gln side chains, 3-10 helix, twisted sheet
(18), and additional elements of B-turns (14) might
give rise to components in the 1670- to 1660-cm—1
region. Because casein structures are not well charac-
terized, we have summarized this region simply as
turns.

For the amide II region, peak assignments were
1578 to 1555 cm™! for turns, 1555 to 1543 cm~! for o-
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Figure 3. Original spectrum of casein (30 to 35 mg/ml) in 25
mM PIPES buffer, pH 6.75, in the presence of CaCl, (10 mM) at
37°C with KCl. Frequency in wave numbers. Amide I and II-regions
were fitted at peak positions obtained from second-derivative spec-
trum followed by Gaussian curve fitting (18, 19). Crosses represent
experimental data; solid lines represent individual Gaussian com-
ponents and their sum. Upper inset is the corresponding residual
plot (ordinates in units of values + 0.0003).
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Figure 4. Second-derivative curve fit for the relative intensity of
the spectra of casein (30 to 35 mg/ml) in 25 mM PIPES buffer, pH
6.75, in the presence of CaCl, (10 mM) at 37°C with KCl. Fre-
quency is given in wave numbers. Solid line represents experimen-
tal data; dashed line represents second-derivative curves generated
from the fitted data as in Figure 3. Both curves are Fourier
smoothed using a factor of 5.

helices or loops, and 1542 to 1525 cm™! for $-sheets.
Although our method enhances the resolution of the
amide II region, the peaks generally overlapped to
such an extent that assignments comparable with
those of the amide I region were more difficult to
make and, correspondingly, were more uncertain (18,
19). The errors associated with the integrated peak
areas tended to be so large that the percentage of
areas that were obtained were far less significant.
However, the primary usefulness of the amide II
region was to help to provide for a better fit of the
amide I, particularly in the valley between the two
peaks.

Fits to Original Spectra, Residual
Plots, and Second Derivatives

Once the fits to the original spectra were obtained,
two checks on the fitting routines were made. As a
first measure of the quality of the fits, residual plots
were obtained. These plots measure the quality of the
fits and have distinctly random appearances (18, 19)
for well-fitted spectra (inset, Figure 3). The residuals
for the Gaussian fits to the spectra (inset, Figure 3)
were typically random; the residuals lay between
comparable values that were low, confirming the
overall low RMS (104) for the fits.

A second measure of the fitting procedure was
obtained by overlaying the second derivative of the
Gaussian summation (Figure 4) with the original



second derivative. Favorable RMS values were
achieved for these fits as well. Figure 4 shows a
typical overlay in which the second-derivative plot
from the summation of the fitted areas of Figure 3
was compared with the second derivative of the origi-
nal spectra. Good agreement between the two spectra
suggests a good fit to the data.

Area Calculations and Redistribution
of Structural Components

Areas that were calculated from nonlinear regres-
sion of the fitted spectra (Figure 3) may be consid-
ered to be proportional to the amounts of the confor-
mational elements that were tentatively assigned (2,
3, 18, 19, 20). The tabulated areas with standard
error and RMS of the fit were taken from the curve
fits for each environmental condition (Tables 1 and
2). Table 3 summarizes the overall composite struc-
tures for the amide I region for each of the eight
environmental conditions listed.

To help in understanding the effects of tempera-
ture and CaZ* binding and the influence of Na+* and
K* on the caseins, the redistribution of selected bands
(corresponding to possible conformational elements)
was examined. For example, when the temperature of
the submicelles was increased in the presence of K+

TABLE 1. Amide I measured percentage peak areas.

from 15 to 37°C, no significant change was observed
in the summed components (Table 3). However (at
37°C), the 1626 and 1633 cm™! bands redistributed
into two components, 1624 and 1631 cm™! (Table 1).
Thus, although the total 8-sheet was not appreciably
changed, the bands giving rise to it appeared to shift.
At 37°C and in the presence of Ca2* and K*, a
decrease in loop and helical structures occurred with
a redistribution to turns (Table 3). The bands at-
tributed to loop and helix (1658 and 1650 cm™1)
appeared to merge at 1654 cm™1, and the areas of the
bands at >1663 cm~! increased. Thus, in Ca2+ at
37°C, there was an overall increase in turns at the
possible expense of loop or helical structures (Table
3), which represents a movement to higher bond
energies (14) caused by elevated temperature and
Ca2+.

In the presence of Na*, the increase in temperature
of the submicelles from 15 to 37°C did not signifi-
cantly affect the component areas (Table 3). But, as
was the case for the experiments using K¥, a redistri-
bution of bands occurred that was attributed to 3-
sheet structures as the temperature increased (Table
2). On addition of Ca2*, even at the lower tempera-
ture, turn components increased or possibly shifted to
yield a band at 1668 cm™1, accounting for 10.4% of the
total area (Table 2). This band, although not promi-

. K+ at 15°C K+ at 37°C K+ and Ca2* at 15°C K+ and Ca2* at 37°C
Conformational
element Frequency  Area Frequency  Area Frequency  Area Frequency  Area
(cm-1) — (%) — (cm™) — (%) — (cm™}) — (%) — (ecm™) — (%) —
X SE1 X SE! X SE! X SE!
Turn 1696 1.1 01 1695 18 04 1696 20 0.1 1694 23 0.1
Turn 1687 48 05 1688 34 08 1688 25 04 1685 69 038
Turn 1679 6.6 1.0 1683 35 038 1686 15 02 1677 113 22
Turn 1673 73 08 1678 82 12 1680 86 1.7
Turn2 1667 76 19 1670 102 26 1672 106 1.9 1670 65 0.6
Turn? 1663 72 1.0 1664 69 10 1665 90 15 1663 144 22
Large loop3 1657 80 18 1658 142 28 1658 85 23 16544 158 3.0
a-Helix 1650 161 16 1652 94 1.8 1650 211 20
Irregular 1642 143 12 1645 121 20 1642 10.7 1.6 1646 142 1.7
B-Sheet? 1637 26 08 1638 76 1.0 1635 95 1.7 1638 128 09
B-Sheet? 1633 36 06 1631 155 21 1628 9.0 14 1631 50 1.8
B-Sheet?® 1626 212 3.6 1624 6.7 1.7 1623 52 11 1626 58 11
B-Sheet5 1621 49 05
RMS® 34 x 104 6.5 x 10+ 2.6 x 104 7.3 x 104

1Standard error calculated as by Kumosinski et al. (19) for reanalysis of the same sample.
2This band contains elements of amide side chains (Asn and Gln) as well as bent strand and 3-10 helix (18).
3This band was designated as arising from large loops (26), but may contain o-helical and §-turn elements (14).

4Unresolved loop and «-helix in the fitting routine.

5These elements include both stranded (hydrogen-bonded) sheet as well as unstranded (extended) sheet (14, 18).

6Root mean square of the fit.



nent in the Na* only fits, is comparable with compo-
nents in the K* series. The band was retained and
even increased slightly to 11.8% at 37°C. Previous
theoretical calculations (14), as well as studies with
globular proteins (18, 19), attribute such bands to G-
turns, side chains, bent strands, or 3-10 helices. The
a-helical structures and loops appeared to decrease at
37°C; the increase in resonances at higher wave num-
bers at both 15 and 37°C and with the addition of
Ca2* (Table 3) have been noted.

DISCUSSION

We have shown that the amide I region of the FTIR
spectra for bovine casein submicelles and reformed
micelles in aqueous salt solution can be studied and
quantitated by a combination of second-derivative
analysis and curve fitting. Our study yielded a global
estimation of the various elements of the secondary
structures (turns, o-helices, irregular structures,
loops, and B-sheets) in the protein molecule that can
report upon structural changes in a water environ-
ment, as opposed to previous studies with environ-
ments of solids or D20, (1, 2, 3). The casein submicel-
lar  structure, which is held together by
predominantly hydrophobic forces, shows subtle
changes when Ca?* is added. Ion-binding of Ca2* to
the side chains results in overall conformational

TABLE 2. Amide I measured percentage peak areas.

changes to the backbone. To date, binding has been
shown to involve both the serine phosphates (9, 13)
and the carboxyl groups of glutamate and aspartate
residues in lyophilized samples (1). Temperature in-
creases might cause additional changes in the back-
bone conformation because of concurrent increases in
hydrophobic interactions. The influence of Na+, and
K*, which are normally present in milks (9, 10, 21,
23), combined with these other effects and gave infor-
mation on the environment in which these sub-
micelles and reformed micelles exist.

Ca?* Effects

In the K* and Na* solutions in the presence of
Ca2*, at higher temperatures, total a-helical and
large loop structures decreased about 10%. When
Ca2* is added to the casein submicelles, colloidal
casein structures are reformed under identical ex-
perimental conditions (4). Kakalis et al. (13)
presented direct evidence using 3P NMR that CaZ+
interacts with serine phosphate side chains in solu-
tion. If these side chain phosphates are located on
large loops, as suggested by NMR studies of casein
structure (12), then the electrostatic binding of Ca2+
and the subsequent formation of colloids could alter
these structures. This influence is evident in the
previously mentioned decreases in percentages of

. Na+ at 15°C Na* at 37°C Nat* and Ca2+ at 15°C Nat* and Ca2+ at 37°C
Conformational
element Frequency  Area Frequency Area Frequency Area Frequency  Area
(cm1) — (%) — (ecm™)) — (%) — (em™) — (%) — (cm-1) — (%) —
X SE1 X SE! X SE! X SE!
Turn 1686 74 11 1687 59 0.1 1692 2.7 04 1693 30 04
Turn 1680 3.9 0.8 1680 9.0 0.9 1684 6.1 1.0 1686 35 1.2
Turn 1676 4.4 1.0 1680 2.7 1.0 1682 46 2.0
Turn 1671 58 08 1673 7.0 1.8 1675 79 20 1675 74 20
Turn2 1667 104 19 1668 118 23
Turn2 1664 149 24 1666 14.2 15 1661 9.4 1.9 1661 12.6 11
Large loop3 1657 155 0.7 1658 17.0 24 1655 102 2.0 16544 9.7 2.0
a-Helix 1649 100 0.8 1649 10.8 1.7 1649 10.2 1.5 1650 9.3 1.6
Irregular 1643 87 21 1642 7.3 1.3 1644 84 22 1644 116 22
B-Sheet5 1637 11.9 1.8 1638 7.0 1.0 1638 9.8 11 1639 9.2 1.0
B-Sheet5 1628 11.1 2.0 1633 5.9 0.8 1631 100 21 1632 88 0.7
B-Sheet5 1622 7.0 2.0 1629 6.0 1.3 1624 46 09 1624 94 05
B-Sheet5 1624 6.3 1.0 1621 7.5
RMSS® 2.1 x 10+ 4.3 x 104 3.3 x 10+ 24 x 104

1Standard error calculated as by Kumosinski et al. (19) and for reanalysis of the same sample.

2This band contains elements of amide side chains (Asn and Gln) as well as bent strand and 3-10 helix (18).
3This band was designated as arising from large loops (26), but may contain a-helical and B-turn elements (14).
“Unresolved o-helix and large loop structures in the fitting routine.

5These elements include both stranded (hydrogen-bonded) sheet as well as unstranded (extended) sheet (14, 18).

6Root mean square of the fit.



TABLE 3. Total estimated secondary contributions of amide I.

. K+ at 15°C K+ at 37°C K+ and Ca2+* at 15°C K+ and Ca2+ at 37°C
Conformational
element Area Area Area Area
(%) SE! (%) SE2 (%)
Total turn 34.6 34.0 1.2 34.2 3.2 41.42
Total large loop and «-helix 24.1 23.6 18 29.62 54 15.8b
Irregular 14.3 12.1 3.2 10.7 2.3 14.2
Total B-sheet 27.4 29.8 2.3 23.4 2.3 28.5
Nat+ at 15°C Na+ at 37°C Na+ and Ca2+ at 15°C Na+ and Ca2+ at 37°C
Total turn 36.4 36.1 12 39.22 3.2 42.9b
Total large loop and a-helix 25.5 27.8 1.8 20.42 54 19.02
Irregular 8.7 7.3 3.2 8.4 2.3 116
Total B-sheet 30.0 25.2 2.3 27.3 2.3 274

abSignificantly different for the pooled means of the conformational element (P > F = 0.05 using a two-tailed distribution).
1Standard error for all summed data at 15 and 37°C in K* or Nat; n = 4.
2Standard error for all summed data at 15°C and Ca2* with K+ or Na*; n = 3 (one data set in K+ not shown here).

structural components in 1658- to 1651-cm~! bands at
37°C in the presence of Ca2* with either electrolyte.
In the experiment using K*, the reformed micelles at
37°C exhibited an apparent increase in components,
giving rise to bands at wave numbers >1660 cm™1. For
the experiment using Ca?* + Nat* at 37°C, similar
effects also occurred at the lower temperature (15°C)
when micelles are not completely reformed (Table 2).

The effects of Ca2+ on global protein structure with
micelle formation has been suggested by several phys-
ical chemical studies (4, 10, 17). In particular,
studies (17) employing small-angle X-ray scattering
predicted a swelling of the outer shell of casein sub-
micelles as they are incorporated into micelles. This
swelling represented a 30% increase in hydration
(with a concomitant decrease in the electron density
of proteins). Holt and Sawyer (11) have suggested
that a recurrent motif in ruminant caseins is a-helix-
loop-a-helix in which the loop region is typically phos-
phorylated. Such motifs were also predicted by
studies (16) using molecular modeling. Studies (15)
of the molecular dynamics of the ag1-CN phosphopep-
tide also suggested that the swelling of these loop
structures accommodated the increased hydration
that accompanied Ca2* binding. Thus, presumably
the Ca2+ binding and the incorporation of Ca2*
caseinates into micelles could deform o-helical ele-
ments and extend loop elements because they are
spatially adjacent. Hence, the changes in the 1655 + 5
cm~! region upon Ca2+ addition could be due to loop-
helix alterations with movement of the resonances to
higher wave numbers and with the higher bond ener-
gies needed to buttress the swelling and extension of
the polypeptide chains.

Temperature Effects

Under submicellar conditions (i.e., without added
Ca2+*), casein undergoes a temperature-dependent
hydrophobic aggregation to a limiting polymer with a
molecular mass of approximately 250,000 Da (4, 10,
21, 23). At the concentrations used in these experi-
ments (30 to 35 mg/ml), either the limiting polymer
is maintained at both 15 and 37°C in the presence of
Na* and K*, or no gross change in the backbone
structure occurs as a result of aggregation (Table 3).
However, significant redistribution of component
areas did occur within the larger categories (Tables 1
and 2). For example, the components of the (-sheet
(extended structure) were redistributed between 15
and 37°C in the presence of either Na* or K+ (Tables
1 and 2). These rearrangements are also detected in
the second-derivative spectra (Figure 2) that were
obtained in the presence of K* or K* with Ca2*.

When Ca?* was added, inducing colloid reformation
(4), significant structural changes occurred for the
samples at 37°C containing either Na* or K*. As was
noted, the structure of the phosphopeptide was sensi-
tive to Ca2* as was demonstrated by NMR (12, 13)
and simulations of molecular dynamics (15). Addi-
tionally, a loop structure has been indicated by two-
dimensional NMR (12). Several researchers [as
reviewed in (9, 10, 21, 23)] have concluded that
micelle formation is incomplete at 15°C and that the
amount of serum casein is significantly reduced at
37°C. Thus, in the presence of Ca2*, the secondary
structural changes to higher energies (greater wave
numbers) with increased temperature yielded more
support for the increased open-hydrated structure ob-
served by physical measurements (17). These
changes are most likely the result of the reformation
of colloidal micelles.



Salt Effects

Under submicellar conditions, switching from K* to
Na* at either 15 or 37°C seemed to produce few
changes (Table 3). Thus, under submicellar condi-
tions, in the absence of Ca2+, the replacement of Na*,
which has an ionic radius of 0.97 A, with K*, which
has a radius of 1.3 A, caused almost no gross confor-
mational changes, but, again, some component ele-
ments of the classes of structure were redistributed
(Tables 1 and 2).

For reformed micelles with added Ca2* at 37°C, the
replacement of Na* with K+ appeared to yield similar
overall results (Table 3); that is, there was a
decrease in loop and helical structures with an in-
crease in turns. Curiously, Na+ and K+ were different
at 15°C in the presence of Ca2* (Table 3). Although
both Na* and K* might interact with casein, yielding
little or no conformational change at 15 or 37°C when
Ca2* was not present, the changes might have caused
a differential competition with Ca2+ in micelles that
were incompletely reformed at 15°C. These regions of
the spectra are also known to be where absorption of
asparagine and glutamine occurs (18). Correction in
these spectral regions of the peak areas for side-chain
vibrations would have reduced the area values (17,
18); however, the relative reactivity of the a-helix-
loop region would have been retained because the
content of these side chains is constant.

Unfortunately, because bovine casein has never
been crystallized, there is little information on its
structure to date. In addition, proteins, such as
casein, could have unique structural components that
are not contained in our databases of globular pro-
teins (18, 19). Byler and Farrell (1), Byler et al. (2),
and Byler and Susi (3) have gathered some informa-
tion through both Raman and infrared spectroscopies
with which our data correlates fairly well. These
researchers (1, 2, 3) worked with solid whole casein
at room temperature, which may have different band
assignments than our aqueous systems at 15 and
37°C. However, even when compared with their
slightly different structural assignments, our results
are similar. As disclosed here, FTIR offers a method
for following structural changes that are introduced
in solution by altering the temperature and electro-
lyte balance. The redistribution of components within
classes of structure with changes in environment
(Figure 2 and Tables 1 and 2) are reproducible, but
the precise changes in the secondary structures that
give rise to these bands are not known. Therefore,
this information must be treated with caution as the
relative assignments are tentative (14), based on a

database of globular proteins (18, 19), and subject to
changing interpretations (22). However, an examina-
tion of the second-derivative analyses of the primary
data (Figure 2) clearly shows differences in the ab-
sorbances of amide I region under changing environ-
mental conditions. These qualitative changes can now
be used as the basis for quantitative analyses by use
of nonlinear regression routines. The curve fitting and
assignments, however tentative, can yield a measure
of these differences and indicate molecular bases for
these changes. This analysis would yield not only
basic information, but also, as these FTIR measure-
ments can now be made in HpO (rather than D50),
could be extended to yield information on actual food
processing systems.
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